ABSTRACT: Growth rates of Antarctic krill Euphausia superba Dana in the Indian Ocean sector of the Southern Ocean were measured in 4 summers. Growth rate was measured using an 'instantaneous growth rate' technique which involved measuring the mean change in length of the uropods at moulting. In the first 4 d following collection mean growth rates ranged from 0.35 to 7.34 % per moult in adults and 2.42 to 9.05 O/o in juveniles. Mean growth rates of adult and juven~le krill differed between areas and between the different years of the investigation. When food was restricted under experlmental conditions, individual krill began to shrink immediately and mean population growth rates decreased gradually, becoming negative after as little as 7 d. Populations of krill which exhibited higher initial growth rates began to shrink later than those which had initially been growing more slowly.
INTRODUCTION
Antarctic krill Euphausia superba Dana shrink in the laboratory if maintained in conditions of low food availability. The ability to grow smaller with each moult was proposed as a mechanism whereby this species might survive a long period of food limitation such as during the Antarctic winter (Ikeda & Dixon 1982) . Overwinter shrinkage of krill would complicate the relationsh~p between size and age and as a result, a number of studies have investigated alternative methods for ageing Antarctic knll (Ettershank 1984 , Rosenberg et al. 1986 , Nicol et al. 1991 . Recent studies have demonstrated that E, superba individuals may be shrinking in the field during winter (Quetin & Ross 1991) and that mean shrinkage of a population over the period of a year could be demonstrated in the laboratory (Nicol et al. 1991) . It is still uncertain, however, whether shrinkage naturally occurs to the extent that it affects the population size-structure in such a way as to cause errors in determining the numbers of age classes present.
There are indications from some studies that have involved repeated sampling of discrete populations that shrinkage may occur during winter. Fjord populations of northern species of euphausiids have shown a decrease in mean size during winter (Falk-Petersen 1985) and a similar decrease in mean size of Euphausia superba was detected in a population in Admiralty Bay (South Shetland Islands, Antarctica) which was attributed to differential size-related mortality rates (McClatchie et al. 1991) .
There is always some doubt when examining timeseries data from krill populations in the ocean because of the difficulty of ensuring that the sequential samples have been taken from a s~n g l e population. For this reason measurements of 'instantaneous' growth rates may be the best approach to determine whether the individuals in a population are growing or shrinking at any particular time and these can be used to interpret any changes in observed size frequencies that are observed over longer time scales. Buchholz et al. (1989) suggested using the growth increment -the percentage increase in body length at moult -as an indicator of growth in krill. Quetin & Ross (1991) outlined a methodology, based on such growth increments, for the measurement of instantaneous growth rates and demonstrated both shrinkage and growth in freshly caught krill. We used this methodology to demonstrate differential growth rates between adult and juvenile krill during summer. The technique was also extended to examine the effect over time of food limitation on the mean growth rate.
MATERIALS AND METHODS
Live Antarctic krill were collected from the Prydz Bay Region off Antarctica on 4 occasions. A pilot study was carried out in 1990 using krill collected on 29 January at 67' 19' S, 72' 02' E. Full-scale experiments were carried out in 1991 on 3 occasions: 29 January (position: 66'33.3'S, 74'50.?'E), 11 February (65' 32.01S, 69'05.0' E) and 25 February (66' 46, 01S, 73' 38 .01E) and again on 23 February 1992 (64'60.01S, 77' 37.6'E) . Collection was by a RMT 8 net which was opened in the top 20 m of the water column and allowed to drift at c l knot for 10 min, closed and rapidly brought on board. Live krill were randomly collected from the catch for each experiment and individuals (148 in the first year's experiments and 117 in the second year's experiment) were placed in 2 1 clear plastic jars containing freshly collected surface seawater. Water was changed weekly; no additional food source was added and the weekly addition of fresh, unfiltered seawater represented an extremely dilute and sporadic food supply. The jars were maintained at 0 O C (the ambient surface seawater temperature was between -1 and 1 'C) in the dark and were checked twice daily for moults. If the krill had moulted the animal and the exuviae were removed and the length of the uropods on both were measured. The percentage change in size at moult of each uropod was noted and the growth rate was expressed as the mean percentage change of both uropods. If one uropod was damaged, then the measurement of the undamaged moped was used to calculate growth.
Comparable measurements were taken on 2 earlier occasions from juvenile Euphausia superba maintained under similar conditions in 1988. One population had been sampled on 14 February 1988 off Wilkes Land, 65' 05.0' S, log0 44.4' E and the second on 20 February 1988 in the Prydz Bay region, 66' 52.0'S, 73O 09.0'E. These data were re-analysed to provide growth rates from 2 areas in 1 yr which could be compared to the measurements taken in 1990-1992. Instantaneous growth rate experiments usually only last 4 d (Quetin & Ross 1991 and pers. comm.) . Experiments of longer duration begin to reflect laboratory rather than field conditions. We held all krill until they moulted, thus allowing us to observe not only the initial growth rates which were representative of the field conditions but also the growth rate of krill which had experienced different periods (up to 32 d) of imposed food limitation. Experimental conditions represented food limitation though not total absence of food. Some food particles were certainly added with the weekly water changes. Maximal surface chlorophyll a (chl a) concentrations in the Prydz Bay region during summer 1991 were 3 ~g 1"' (S. Wright unpubl. data) so krill would not have received more than 6 pg chl a wk-'. Clarke & Morris (1983) estimated that krill require 300 ng chl a h 1 to support metabolism and growth so the maximum amount of food supplied during water changes would only sustain metabolism and growth for 20 h. The krill were, therefore, considered to be in conditions of extreme food limitation for the duration of these experiments. 
RESULTS
between -2 % and 9.35 % length increase per moult. Expt 1 in 1991 ran for 8 d and the mean daily growth Most krill that moulted during the first 4 d following rate remained positive (0,75 to 7.5 % per moult in collection grew and the mean length increase at moult adults and 5.4 to 12,O % in juveniles) although growth ranged from 0.35 to 9.05 % ( Table 1) .
rates of individual krill ranged from -4.2 to 15.7 %. Two experiments were relatively short term. (Fig. l a , b) . The mean sizes and mean initial growth rates of juveniles from the 2 areas sampled in 1988 were not significantly different (sizes: t = 1.03, df = 46, p = 0.31, growth rates: t = 1.02, df = 44, p = 0.31).
Expts 2 & 3 in 1991 lasted for 19 and 14 d respectively and the mean daily growth rates in both experiments followed a similar pattern to those in the 1988 experiments (Fig. l c , d ) .
The single experiment in 1992 lasted 32 d and again the pattern of initial mean positive growth followed by a decrease in the mean growth rate and eventual shrinkage of the population was repeated (Fig. l e ) .
The initial mean growth rates of all adult males and females in 1991 were not significantly different (males: mean 1.83 %, females: 2.94 %, t = 0.73, dt = 32, p = 0.47). Only 2 males moulted during the first 4 d in 1992 so sex-related differences were not examined. The mean initial growth rate of all juveniles in 1991 was significantly greater than that of all adults in 1991, the only year where comparable growth rates were available (f = 3.26, df = 52, p ~0 . 0 0 2 ) .
The mean initial growth rate of adults in 1992 was significantly larger than that of the mean initial growth rate of all adults from the 3 experiments in 1991 ( t = 3.56, df = 46, p < 0.001). This difference may be a result of the (Fig. 1) . Juveniles in 1991 also rapidly entered a negative growth phase and negative mean growth rates were observed 6 d following capture.
Freshly caught knll exhibited a range of instantaneous growth rates (Fig. 2) . Shrinkage within the first few days of capture was prevalent among adults in 1991 with 8 out of 34 krill demonstrating shrinkage during the first 4 d of the experiments. Large krill may also be growing fast when captured with some males and females in the largest size class exhibiting growth rates of greater than 5 % per moult. This suggests a high degree of individual variability in growth rates in the natural population at any one time even in high summer.
DISCUSSION
The 'instantaneous growth rate' of freshly caught Antarctic krill in summer was highly variable but the mean initial growth rates were positive in each of the 7 experiments carried out between 1988 and 1992. The growth rate of Euphausia superba began to decline shortly following capture under the experimental conditions and after a period became negative in all 3 years in which longer-term experiments were carried out. In 2 years, the point at which negative growth occurred differed substantially. In 1992, the mean initial growth rates of adults were much higher and the period between capture and the onset of shrinkage was also much greater than in 2 of the experiments during 1991. This may indicate that the knll in the 1992 experiment were in better physiological condition than the knll collected in 1991. A preliminary analysis has indicated that the llpid content of krlll preserved within 5 d of collection was higher during 1992 when compared to 1991 (1991: mean = 15.5 % dry wt, n = 5; 1992: mean = 23.4 %, n = 4; t = 2.26, p = 0.06) which tends to support this suggestion. There is also an indication that populations of krill which have high initial growth rates begin to shrink later than populations which have a low initial growth rate. Further experimentation is required to investigate the relationship between the initial growth rate, the size of the krill, the abllity to withstand shrinkage in the absence of food and the physiological conditions of the animals.
After krill had spent a number of days in the absence of food, their growth rates began to decline. This time lag suggests that the actual process of growth had already taken place some time before ecdysis and that food deprivation during this stage did not affect the increase in length at moulting. This period corresponds to moult stage D3-4 which appears to be a preparatory stage before ecdysis (Nicol & Stolp 1990) and is thought to be a non-feeding stage (Morris & Priddle 1984) . The decline in the growth rate after the first few days in captivity and the rapid onset of shrinkage suggests that knll have limited reserves from which they can draw to effect growth even in high summer. Growth is measured in the 'instantaneous growth rate' method by changes in length at moult. The results that we present indicate that length increases can still occur even if food has been restricted for up to 19 d . Krill would obviously begin to lose weight as soon as their food source is removed and thus weight changes accompanying starvation would be quite different from changes in linear dimensions. Krill growth, however, has usually been expressed in terms of increase in length and it is the effect that shrinkage might have on the size structure of the population which has led to the re-assessment of length-frequency analysis as a tool in krill population dynamics (Ettershank 1984) . Using weight change as a measurement of growth is a more complex problem which has not yet been tackled on an individual animal basis.
Quetin & Ross (1991), using the 'instantaneous growth rate technique' showed positive growth of adult Euphausia superba during the late summer and autumn with increases in body length at moulting of between 1.75 and 4.4 %. In winter they found shrinkage of between -0.16 and -2.03 % of body length at each moult. Their rates are similar to those exhibited by adults in our 1991 studies although the initial growth rates exhibited by the krill in 1992 are considerably higher. The results of their 'instantaneous growth rate' study like the results from ours are based on measurements from a relatively small number of animals. Unfortunately, the design of the experiment requires large numbers of animals of which only a small fraction will be used for actual measurements of initial growth rates. Since Antarctic krill moult every 20 to 30 d at 0 "C (Buchholz 1991) only 1 in 20 to 1 in 30 krill will moult on any given day of the experiment. To improve on the sample size that we used for the initial growth rates, several hundred krill would have to be maintained individually on board ship for each experiment and this is difficult to achieve in practice.
Field estimates of summer growth rates in krill population~ have been calculated from time series of length frequency data (Miller & Hampton 1989) . Only 2 studies have attempted to track changes in the mean length of krill populations over short periods of time. Kanda et al. (1982) observed a change in mean size of a population of krill from 4 1 . l 3 to 4 1.98 mm in 12 d corresponding to a daily change of 0.063 mm. Over a 30 d moult cycle this would represent a size change at moult of ca 4.6 % which is consistent with our measurements. Clarke & Morris (1983) measured the modal length change of a population of krill sampled over a 6 d period and observed a 2 mm increase corresponding to a 0.33 mm d -' increase. The krill in their study were ca 30 mm long, so for a 30 d moult cycle the percentage increase at moult would be 33 %, considerably higher than other estimates. Other studies have used data obtained from much more widely spaced sampling intervals which may introduce a degree of error since it is not known whether the same population is being sampled over time. McClatchie (1988) predicted growth rates of between 0.041 to 0.125 mm d-' for adult and juvenile krill in Admiralty Bay during summer (ca 4.1 to 12.5 % increase in length per moult, again assuming a 30 d moult cycle) which are similar figures to those derived from the 'instantaneous growth rate' methodology of Quetin & Ross (1991). Rosenberg et al. (1986) calculated growth rates of between 0.117 and 0.179 mm d-' for 30 mm krill (corresponding to ca 11.7 and 17.9 % increase in length per moult assuming a 30 d moult cycle) from a reexamination of the 'Discovery' data.
The growth rates of Euphausia superba derived from laboratory have been summarised by Buchholz (1991) and a range of positive growth increments up to 21 % per moult have been reported. Most of the laboratory growth studies have relied on measurements of length taken from consecutively moulted exoskeletons which gives a coarse scale picture of growth over a whole moult cycle. One laboratory study has used a version of the 'instantaneous growth rate' technique, measuring the length of the krill and their newly produced exuviae (Buchholz et al. 1989 ) and an average increase in length of 3.8 % per moult was observed under conditions of high food availability. Shrinkage has been shown in the laboratory for 5 species of euphausiids: Euphausia pacifica (Lasker 1966) , E. superba (Ikeda & Dixon 1982) , Meganyctiphanes norvegica (Buchholz 1985) , Thysanoessa inermis (Dalpadado & lkeda 1989) , Nyctiphanes australis (Hosie & Ritz 1989) ; in fact there are no repbrts in the literature of laboratory studies on shrinking by euphausiids which have failed to demonstrate shrinkage. The capacity to shrink can thus be taken as a natural response by E, superba (and indeed, of euphausiids as a group) to sub-optimal feeding conditions, and shrinkage in the laboratory has been shown to have no adverse long-term effects on the animals' subsequent ability to grow and survive (Thomas & Ikeda 1987) . Ikeda (1985) also found that long-term food depriva-tion resulted in a relatively constant shrinkage rate of 0.033 mm d-' (ca -3.3 % per moult cycle) in juvenile E. superba (Ikeda 1985) which is similar to the rate of shrinkage demonstrated by krill our short term study. Thus, krill can apparently achieve their maximal shrinkage rate within a matter of days of food lirnitation and can maintain this shrinkage rate over very long periods, up to 211 d (Ikeda & Dixon 1982) .
Studies which have demonstrated shrinkage by euphausiids have done so by observing their change in size over whole moult cycles. Growth has been assessed by measuring the difference in lengths of the uropods from consecutive moults so the minimum experimental interval has been one moult cycle. Our study, by examining the size change at moulting, has enabled us to document the ability of krill to shrink in response to restrictions in food supply which occur on timescales shorter than one moult cycle.
Winter is the period when food is most likely to be limiting and hence this is the period when overall shrinkage of krill populations would be likely to occur. Daly (1990) reported significant growth of larval Euphausia superba during winter in the marginal ice zone but there are few unequivocal data sets which demonstrate either growth or shrinkage of adult or larval Antarctic krill over winter. Kawaguchi et al. (1986) studied krill captured under the ice over winter. They showed that not only did the mean size of krill decrease but the size range of krill present became restricted over the winter. They also found little evidence of feeding in the water column, low chl a concentrations throughout the winter and oxygen consumption figures which corresponded to those of starving, shrinking krill (Ikeda & Dixon 1982) . McClatchie et al. (1991) also observed a decrease in mean size and a reduction in the size range of krill in samples taken over winter from Admiralty Bay. They demonstrated a cycle of size increase during summer and decrease during winter for adults and juveniles but attributed the differences they observed to differential size-related mortality rather than to starvation-induced shrinkage.
Mean shrinkage of populations of Antarctic knll has been demonstrated by using instantaneous growth rates measured during the winter (Quetin & Ross 1991) and, in our study, in krill taken directly from the wild during summer which have been subjected to food deprivation for a relatively short period of time. 'Instantaneous growth rate' experiments give summer growth rate for populations of Euphausia superba which are similar to those obtained from other types of study. Winter 'instantaneous growth rate' experiments (Quetin & Ross 1991), for which there are no really comparable data, suggest that shrinkage does occur and has the ability to significantly affect the mean size of the population.
Our study has indicated that there is considerable variation in the growth rate, as measured by the 'instantaneous growth rate' technique, with individual, ontogenetic and seasonal effects. The results, however, tally well with estimates of krill growth arrived at by different techniques and show patterns, such as faster growth by smaller krill, which are predictable from other studies. It is possible that the initial growth rate coupled with the length of the period between capture and the onset of shrinkage may give some indication of the nutritional condition of the krill at any one time. Further seasonal measurements of 'instantaneous growth rates' should include a wide range of sizes and maturity stages of krill from populations in different regions, and could be coupled with measurements of the available food supply and of the physiological condition of the krill.
